The design and performance of a novel crystal deflector for proton beams are reported. A silicon crystal was used to channel and extract 70 GeV protons from the U-70 accelerator in Protvino with an efficiency of (85.312.8)%, as measured for a beam of-IO" protons directed towards crystals of -2 mm length in spills of -2 s duration.
INTRODUCTION
The use of bent crystals for beam extraction in accelerators is under development at several laboratories.
[ 1, 2, 3] . The advantages of this method are the ease of its realisation, feasibility of its simultaneous work with collider regime or with internal targets, and the absence of intensity pulsations because no resonant blow-up of the beam is needed to direct the beam onto the crystal for extraction. The crystal has a minimal "septum width", and is very convenient even for application in a beam-loss localisation system as a coherent scatterer [4] .
A collaboration of researchers working at the 70-GeV accelerator of IHEP has recently achieved a substantial progress in the parameters of crystal-assisted beam deflection: an extraction efficiency larger than 85% has been obtained up to such an high intensity as IO" protons [4] . A major feature of such reaching was the usage of very short crystals for extraction; the crystals were selected to the minimal value foreseen by the physics of channeling [5, 6] . Thereby, the circulating particles encountered the crystal ,many times and suffered negligible divergence at each pass due to reduced scattering and nuclear interactions in the crystal. Multiple passage of particles allowed the protons to be eventually channeled by the crystal planes, leading to the experimentally recorded high efficiency. Fig. I shows the theoretical prediction [7] made for the extraction efficiency at 70-GeV proton accelerator, and the figures measured in the campaign of measurements through 1997-2001 with crystals of different size and design. The trend is clear from both theory and experiments: the shorter the crystal, the higher the efficiency. The theoretical plot indicates the optimal crystal length for the conditions of the 70-GeV experiment, i.e. slightly less than 1 mm. Indeed such a short crystal deflector is very difficult to obtain. In this paper, we discuss the design and manufacturing of the crystal deflectors that led to the successful execution of experiments. 
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CRYSTAL BENDING SYSTEM
The first designs of short crystals appeared in literature in 1998 [3] . It consisted of an "0-shaped" deflector CUI from a monolithic piece of oriented silicon. Here the bending was obtained by compressing the crystal at its middle part. Indeed, this method is not suitable for an efficient deflection with a crystal shorter than 5 mm. Any attempt to reduce this length resulted in poor bending efficiency as it is clear in Fig. 1 with the "0-shaped" 3-mm long sample.
Therefore, a new design to produce suitably short sample is needed. A possibility is the use of the anisotropic properties of a crystal lattice. From the theory of elasticity it is known (see e&]) that bending a crystal plate in the longitudinal direction causes some "anticlastic 0-7803-7738-9/03/$17.00 Q 2003 IEEEbending" or twists appear in the orthogonal direction. In that case, a crystal plate obtains the shape of a saddle, barrel, or a pure cylinder depending on the concrete anisotropic properties o f the material.. The surface equation for the crystal plate in the ideal case of the method of moments discussed in [9] is:
Where y is the direction of the incident beam, x and z are the longitudinal and transversal coordinates, and k is a coefficient depending on the concrete anisotropic properties of the material (see Fig. 2 ). For k>O this is the narrow strips, about 2 mm along the beam. The metal holder showed in Fig. 3 steer the protons in the collider and was determined according to the previous considerations. The (1 11) crystalline direction was intended for alignment toward the radial direction in the accelerator.
A crucial methodology for the achievement of highperformance crystal extractors was the chemical treatment of the samples as explained in next section. The preparation of the sample herewith described is suitable to remove the defects induced by the saw at the beam entry and exit facets of the silicon crystals. Indeed, mechanical slicing of the samples induces a large amount of scratches, dislocations, line defects and anomalies that would reduce the overall channelling efficiency of the .
In our case, a crystal plate of silicon may be shaped like According to the experience gained through a saddle for the purpose (Fig, 2) . The technical advantages of such a deflecting system are that it may be easily made shorter along the beam, has no straight sections in hendine. and needs no additional material previous runs at the accelerator, it came out that a 30 pm superficial layer was ineffective for channeling. We attributed this effect to the presence of in-depth lattice induced during the slicing. around the "legs".
Thus, we attempted the removal of such a layer by a sequence of room-temperature chemical treatments to the surfaces [IO] . To avoid an unwanted sample thinning, the largest surfaces were protected by Apiezon wax while the others were left uncoated. The prime treatment was a wet planar etching (HF, " 0 3 and CH3COOH (3:5:3)) and the timing was such to obtain an etching depth of about 30 pm. The samples were prepared and treated in cleanroom environment (class 100) to avoid material contamination, which would locally modify the etch rates and the finishing of the etch ground.
Preliminary, the first process stages were aimed at the removal of pollutants such as greasy or metallic compounds. The wafers were degreased in trichloroethylene, acetone and then isopropanol. A two-stage cleaning procedure was, then, carried out to remove organic and metallic impurities from the surface of the wafers. The samples were cleaned in solution of water, hydrogen peroxide and ammonium hydroxide (5:l:l) at 15 ' C for 10 min. After a short dipping in diluted HF (10% in weight) the wafers were washed in water, Finally, the entry and exit facets were ready for the prime chemical etching to remove the mechanical damages induced by the blade. The wax coating was eventually removed according to standard procedure and the resulting samples were once more subject to a complete cleaning process.
TESTS WITH HIGH-ENERGY PROTONS
The new crystal-deflectors were first tested in an external beam of 70 GeV orotons. Fie. 4 shows a corresponding to an angular distortion ofthe order of 100 vrad.
installed in the IHEP U-70 accelerator ring to extract the circulating beam. The crystals with chemically polished faces have shown the best efficiency for beam extraction -up to a value larger than 80% [4] . New crystals can be applied for beam extraction and collimation of beams at accelerators in a broad range of energies as shown in Ref. [4, 11] . One of the major applications would he the use in large colliders such as the LHC as a collimation system.
After testing in an external beam, the crystals were 
The precise measurement of the profiles of the bent beam has been done with nuclear photo-emulsions placed outside the vacuum chamber, 7 m far from the crystal. 
